Introduction
Shigella flexneri is the major pathogen causing bacillary dysentery (shigellosis), mainly in developing countries . It is estimated that there are 125 million annual shigellosis cases and 14,000 related deaths in Asia (Bardhan et al. 2010) . In China, S. flexneri is the most common Shigella spp., accounting for up to 80% of shigellosis cases (von Seidlein et al. 2006; Ye et al. 2010) .
Based on the O-antigen of the lipopolysaccharide (LPS), S. flexneri is divided into various serotypes Ye et al. 2010) . In all except serotype 6, the O-antigen possesses a common chain having the structure of →2)-α-L-Rhap (Kenne et al. 1978) . Differences between the serotypes are conferred by phage-encoded glucosylation or/and O-acetylation at various positions of the common chain (Allison and Verma 2000; Stagg et al. 2009; Perepelov et al. 2012; Sun et al. 2011 ). These modifications define type (I-VII) and group (6; 7,8) antigenic determinants (O-factors) (Allison and Verma 2000) . Serotype Y has the basic O-antigen structure and is characterized by a single group 3,4 O-factor. Recently, phosphorylated variants of the O-antigens of S. flexneri serotypes 4a (Perepelov et al. 2009a ) and X (Sun et al. 2012) , called 4av and Xv, respectively, have been reported, which differ from the "classical" O-antigens in the presence of a phosphoethanolamine (PEtN) group at position 3 of Rha II or/and Rha III . This modification confers the specific monoclonal antibody specific for Shigella flexneri (MASF) IV-1 phenotype to these serotypes (Sun et al. 2012) . A plasmid-encoded gene (lpt-O) for a PEtN-transferase has been proven to be responsible for the PEtN modification (Sun et al. 2012) .
Apart from serotype Xv and 4av, MASF IV-1 antigen was also found in a novel serotype called Yv. A total of 19 strains 5 These authors contributed equally. belonging to this serotype was identified from 1650 S. flexneri strains collected in China (Sun et al. 2012) . Strains of this serotype carry an lpt-O homolog on its pSFxv_2 plasmid, which varies by 11 base and 7 amino acid changes compared with that of serotype Xv (unpublished data). In this study, we elucidated the O-antigen structure of serotype Yv and studied the effect of the lpt-O sequence variation on the PEtN modification pattern. In addition, it was demonstrated that the O-antigen is composed of blocks of O-units differing in the number of PEtN groups and the presence or absence of O-acetylation.
Results
Serotype Yv O-antigen structure analysis revealed PEtN modification on Rha residues The 1 H nuclear magnetic resonance (NMR) and 13 С NMR spectra ( Figure 1A ) of the O-polysaccharide of serotype Yv strain HN006 showed a structural heterogeneity, particularly, owing to nonstoichiometric O-acetylation (there were signals for an O-acetyl group at δ H 2.14 and δ C 21.5). The spectra of the O-deacetylated polysaccharide ( Figure 1B The major signals for the four monosaccharide residues (O-unit B) in the NMR spectra of the O-deacetylated polysaccharide were assigned (Table I ) and the carbohydrate backbone structure was established using two-dimensional C NMR techniques essentially as described (Duus et al. 2000) . The 1 H,
13
C heteronuclear single-quantum coherence (HSQC) spectrum showed that in the major series of signals, the chemical shifts for GlcNAc and two from three Rha residues (Rha  I and Rha   II   ) were close to those for the basic O-unit A, whereas the signals for H3 and C3 of Rha III shifted significantly downfield from δ H 3.88 and δ C 71.1 to δ H 4.23 and δ C 76.1, and those for H2 and C2 shifted downfield from δ H 4.14 to 4.33 and upfield from δ C 80.3 to 78.6, respectively ( Figure 3A and B, Table I ). These displacements were due to phosphorylation of Rha III at position 3, as confirmed by the 1 H, 31 P heteronuclear multiple-bond correlation (HMBC) spectrum ( Figure 4A ). The spectrum showed major correlations of the phosphate group at δ −0.42 with CH 2 O of PEtN and H3 of Rha III at δ 4.16 and 4.23, respectively. Therefore, the major O-unit B has the structure shown in Figure 2 .
In the minor series of signals for minor O-unit C in the NMR spectra of the O-deacetylated polysaccharide, the signals for H3 and C3 of not only Rha III but also Rha II were shifted downfield from δ H 3.92 and δ C 71.3 in the basic O-unit to δ H 4.35 and δ C 76.6, and those for H2 and C2 of Rha II shifted downfield from δ H 4.06 to 4.29 and upfield from δ C 79.4 to 77.1, respectively ( Figure 3A and B, Table I Figure 4A ). Therefore, Rha II is partially phosphorylated at position 3 giving rise to the minor bisphosphorylated O-unit C having the structure shown in Figure 2 . As judged by relative intensities of the H1 signals of Rha II and Rha III in the 1 H NMR spectrum (Table I) , the ratio of the monophosphorylated and bisphosphorylated O-units B and C is 4:1.
Distribution of PEtN and O-acetyl groups is not random
To elucidate the distribution of the O-units B and C in the polymer chain, the O-deacetylated polysaccharide was subjected to Smith degradation (Goldstein et al. 1965 ) followed by mild acid hydrolysis. The products were fractionated by gel-permeation chromatography on Toyo Soda Kogyu (TSK) HW-40 (S) to afford polysaccharide, oligosaccharide and intermediate fractions ( Figure 5 , fractions I-III, respectively). They were studied by NMR spectroscopy as described above (for the 13 C NMR spectrum of the fraction I polysaccharide see Figure 1D ; for assigned 1 H and 13 C NMR chemical shifts see Table I ); fractions II and III were also studied by high-resolution electrospray ionization mass spectrometry (ESI-MS).
It was found that the fraction I polysaccharide consisted of the bisphosphorylated O-units C only. Its structure was confirmed by the 1 H, 13 C HSQC spectrum, which showed cross-peaks for 3-phosphorylated, and no cross-peaks for nonphosphorylated, Rha II and Rha III ( Figure 3C ). Accordingly, the 
and by-products having the same trisaccharide moiety and a different aglycone (e.g., 2-hydroxyacrylaldehyde which is a product of dehydratation of glyceraldehyde, or an acetal involving the C4-C6 fragment from degraded Rha II ) or no aglycone ( Figure 6 ). These compounds were evidently derived from the monophosphorylated O-units B as a result of destruction of Rha II . Intermediate fraction II included higher oligosaccharides composed of one intact bisphosphorylated O-unit С linked to an oxidized monophosphorylated O-unit B (data not shown). A trace amount of the latter also could be detected in the fraction I polysaccharide. These findings indicate that the O-units of the different types build separate blocks within the same polysaccharide chain, and also that there are mixed regions consisting of one bisphosphorylated O-unit С surrounded by monosphorylated O-units B.
To establish the O-acetylation pattern, Smith degradation was performed with the initial O-polysaccharide. The products were fractionated and the polysaccharide and major oligosaccharide fractions obtained were analyzed as above. whereas the rest of the signals shifted downfield to δ H 4.33, 4.42 and δ C 64.3, respectively (Table I) . Therefore, the major O-acetylated oligosaccharide had the structure of α-L-Rhap NMR spectroscopic analysis of the O-polysaccharides from two more S. flexneri serotype Yv strains, HN011 and AH012, demonstrated essentially the same phosphorylation and O-acetylation patterns, which may be common for serotype Yv strains.
lpt-O sequence variation defines the PEtN modification pattern
The patterns of the O-antigen modification with PEtN in serotype Yv (this work) and 4av (Sun et al. 2012) strains are similar in that Rha III is the sugar residue that is phosphorylated predominantly. In contrast, in serotype Xv strains, Rha II is predominantly phosphorylated (Table II) (Sun et al. 2012) . In all three serotypes, the PEtN modification is encoded by the plasmid-borne lpt-O gene. Sequencing has demonstarted that the lpt-O homolog in HN006 (Yv) and 4av strains (2002091, NCTC 8296 and G1668) (Sun et al. 2012 ) (unpublished data). These gene variations could well define the PEtN modification pattern. Indeed, as discussed below, these two variants of the lpt-O gene mediate preferential phosphorylation of either Rha II or Rha III , and hence we named them lpt-O RII and lpt-O RIII , respectively.
To confirm this hypothesis, serotype Y, 4a and X transformants carrying functional lpt-O RII or its homolog lpt-O RIII were constructed and analyzed. The functional lpt-O RIII fragment (the whole lpt-O gene together with its promoter and terminator fragments up-and downstream) amplified from strain HN006 was cloned into T-A vector pMD20-T to form pSQZ1. This plasmid was further transferred into ampicillinsensitive strains NCTC 9725 (serotype 4a) and 51580 (serotype X). Since no ampicillin sensitive serotype Y strains were available for transformation of plasmid pSQZ1 constructed in this study and plasmid pSQZ (carrying lpt-O RII from serotype Xv strain 2002017) constructed earlier (Sun et al. 2012) , we reengineered both plasmids to mark them with kanamycin resistance by cloning a kanamycin-resistant gene kan into pSQZ1 and pSQZ giving rise to pSQZ2 and pSQZ3, respectively. These plasmids were subsequently transferred into the kanamycin-sensitive strain 036 (serotype Y) to give 036_Yv RIII and 036_Yv RII , respectively.
Serotyping of all transformants obtained showed that the lpt-O RIII -carrying hosts 036, NCTC9725 and 51580 all acquired additional reactivity with monoclonal antibody MASF IV-1 and monovalent antisera IV and, hence, were converted into serotypes Yv (036_Yv RIII ), 4av (NCTC9725_4av RIII ) and Xv (51580_Xv RIII ), respectively. The serological features of these transformants were identical to those of wild-type serotype Yv strain HN006, 4av strain G1668 (Sun et al. 2012) and Xv strain 2002017 (Sun et al. 2012) , as well as the lpt-O RII -carrying transformants 036_Yv RII , NCTC9725_4av RII (Sun et al. 2012 ) and 51580_Xv RII (Sun et al. 2012) , respectively.
The O-polysaccharides of lpt-O RII transformant 036_Yv RII and lpt-O RIII transformant 036_Yv RIII were analyzed using one-and two-dimensional NMR spectroscopy techniques as described above. In the NMR spectra of both transformants, the major series of signals were essentially identical to the corresponding spectra of the fraction I polysaccharide from serotype Yv strain HN006, which is composed of bisphosphorylated O-units C containing PEtN residues on both Figures 3D and 4C) , and, hence, in addition to the major bisphosphorylated O-units С, minor monophosphorylated O-unit B was present. Vice versa, in the minor series of transformant 036_Yv RII , there were signals for the phosphorylated Rha II and nonphosphorylated Rha III ( Figure 3E , Table I) , and, hence, the O-polysaccharide of this transformant included minor monophosphorylated O-unit E of another structure ( Figure 2) . As judged by the integral intensities of the 1 H-NMR signals, the ratio of the major bisphosphorylated O-unit C and minor monophosphorylated O-units B or D in both transformants was 4:1 (Table II) .
The O-antigen structures of lpt-O RIII transformants 51580_Xv RIII and NCTC9725_4av RIII were also analyzed in the same manner (data not shown). In both transformants, there were major bisphosphorylated O-units and, in addition, major O-units monophosphorylated at Rha II in strain 51580_Xv RIII and at Rha III in strain NCTC9725_4av RIII were also present (Table II) . These patterns differed from those of lpt-O RII transformants 51580_Xv RII (Sun et al. 2012 ) and NCTC9725_4av RII (Sun et al. 2012) , in which bisphosphorylated O-units were minor (Table II) .
Discussion
One of the known S. flexneri serotype conversion mechanisms is phage-encoded glucosylation, which is not the case of serotype Y as well as serotype Yv strains. Another mechanism is O-acetylation, which until recently had been believed to only happen in serotypes 1b, 3a, 3b, 4b and 7b of S. flexneri, in which Rha I is O-acetylated at position 2 (Kenne et al. 1978; Foster et al. 2011 ). In the last few years, additional sites of nonstoichiometric O-acetylation have been reported at positions 3 (major) and 4 (minor) of Rha III in serotypes 1a, 1b, 2a, 5a, Y, 6 and 6a, and at position 6 of GlcNAc in serotypes 2a, 3a and Y (Kubler-Kielb et al. 2007; Perepelov et al. 2009b Perepelov et al. , 2010 Perepelov et al. , 2012 . The phage-encoded O-acetyl modification of Rha I gives rise to group 6 antigen (Allison and Verma 2000; Stagg et al. 2009; Perepelov et al. 2012) , and O-acetylation of Rha III is thought to be responsible for the subdivision of serotype 6 into subtypes 6 and 6a . However, no O-factors associated with 6-O-acetylation of GlcNAc or 3/4-O-acetylation of Rha III have been identified in other serotypes so far . The 6-O-acetyl-GlcNAc occurred in wild-type serotype Yv strains, but was absent from 036_Yv RII and 036_Yv RIII transformants, which were derived from serotype Y strain 036 having the basic O-antigen structure and lacking O-acetylation. As all of these strains are MASF IV-1 positive, O-acetylation is not associated with the presence of the MASF IV-1 antigenic determinant.
Serological and structural data of wild-type Yv strains and the transformants showed that the MASF IV-1 positive phenotype is conferred by the PEtN modification to serotype Y strains giving rise to serotype Yv. A similar O-antigen modification has been reported earlier in serotype Xv and 4av strains (Sun et al. 2012) . In all these variants, the PEtN modification is mediated by a plasmid-borne gene (lpt-O) for a PEtN-transferase, which is capable of phosphorylating either of, or both, Rha II and Rha III giving rise to monophosphorylated and bisphosphorylated O-units (Figure 2) . Remarkably, the O-units of the different types are not distributed randomly but build separate blocks within the polysaccharide chain. In wild-type serotype Yv strains, about half of the O-units that are monophosphorylated at Rha III carry an O-acetyl group at (Sun et al. 2012) . Mechanisms of the generation of the blockcopolymeric structure and the interplay between phosphorylation and O-acetylation/glucosylation, as well as of O-antigen O-acetylation and phosphorylation in S. flexneri in general, remain to be determined.
Although lpt-O RII and lpt-O RIII have the same function mediating the addition of PEtN to O-antigen, a clear difference in the O-antigen phosphorylation pattern between the two lpt-O alleles is observed: In the former, the major PEtN modification occurs on Rha II , whereas in the latter it occurs on Rha III (Table II) . This finding suggests that lpt-O RIII -encoded PEtN-transferase of serotype Yv is better tuned for phosphorylation of Rha III and that encoded by lpt-O RII of serotype Xv for phosphorylation of Rha II . The observed difference correlates with the lpt-O variation between the serotypes Yv and 4av on the one hand and serotype Xv on the other, which consist of 11 base changes and 7 amino acid changes. It may reflect adaptation of PEtN-transferase to the O-antigen structures, which differ in the presence (in serotype X) or absence (in serotypes Y and 4a) of glucosylation at position 3 of Rha III . Therefore, the present study extends the number of the O-antigens characterized from S. flexneri serotypes evolved through this new serotype conversion mechanism. It also demonstrates the polymorphism of the responsible lpt-O gene, which correlates with the preference of encoded PEtNtransferase for phosphorylation of the last or last but one rhamnose residue in the O-unit.
Materials and methods

Strains and culture conditions
Strains and plasmids used in this study were listed in Table III . Shigella flexneri serotype Yv strain HN006 was selected as reference for O-antigen structure analysis. Shigella flexneri serotype Xv strain 2002017 (Ye et al. 2010; Sun et al. 2012 ) and HN006 were used as template for lpt-O gene cloning. Shigella flexneri strain 036 (serotype Y), 51580 (serotype X) (Sun et al. 2012) and NCTC 9725 (serotype 4a) (Sun et al. 2012) were used as the host for plasmid transformation. Shigella flexneri strains were routinely grown in a 37°C incubator or orbital shaker in Luria-Bertani broth (LB) supplemented with ampicillin (100 µg ml ) when appropriate.
Plasmid construction and transformation
To construct the lpt-O RIII expression vector, the whole lpt-O RIII gene, together with its promoter and terminator, were polymerase chain reaction (PCR) amplified from strain HN006 using primer pairs lpt-O-1 (Sun et al. 2012) . The purified product was cloned into pMD20-T vector (Amp R ) to form plasmid pSQZ1. pSQZ1 was further transformed into ampicillin-sensitive strain 51580 (serotype X) and NCTC 9725 (serotype 4a). The functional kanamycin-encoding fragment was PCR amplified from a kanamycin-resistant plasmid pRS551 (Simons et al. 1987 ) using primer pair kan-U: GCTCTAGACA CGT TGT GTC TCA AAA TCT, and kan-L: GCTCTAGACG TCC CGT CAA GTC AGC GTA. After being digested with EcoRI, the kan fragment was cloned into the EcoRI site of pSQZ1 and lpt-O RII carrying vector pSQZ (Sun et al. 2012) , to form pSQZ2 and pSQZ3, respectively. The constructed pSQZ2 and pSQZ3 were transformed into strain 036 (serotype Y, Amp R and Kan S ) to form lpt-O RIII -and Shigella flexneri serotype Yv O-antigen modification lpt-O RII -carrying transformants, respectively. Plasmid transformation was performed using the standard protocol (Sambrook et al. 1989) . Serological characteristics of transformants were determined by slide agglutination assay using monoclonal antibody reagents (Reagensia AB, Solna, Sweden) specific for all S. flexneri type-and group-factor antigens.
Isolation of LPS and O-polysaccharides LPS were isolated from dried bacterial cells by the phenolwater method (Westphal and Jann 1965) . The crude extract without separation of the layers was dialyzed against tap water, nucleic acids and proteins were precipitated by adding aqueous 50% CCl 3 CO 2 H at 4°C to pH 2, the supernatant was dialyzed against distilled water and freeze-dried to give purified LPS in yields 5.6-7.6% of dried cell mass. Delipidation of the LPS was performed with aqueous 2% HOAc (6 mL) at 100°C until precipitation of lipid A. The precipitate was removed by centrifugation (13,000 × g, 20 min) and the supernatant was fractionated by gel-permeation chromatography on a Sephadex G-50 Superfine column (56 × 2.6 cm) (Amersham Biosciences, Uppsala, Sweden) in 0.05 M pyridinium acetate buffer, pH 4.5, with monitoring by a differential refractometer (Knauer, Berlin, Germany). High-molecular mass O-polysaccharides were obtained in yields 27-44% of LPS mass. For O-deacetylation, the O-polysaccharides were treated with aqueous 12% ammonia at 37°C for 16 h, ammonia was removed with a stream of air and the remaining solution was freeze-dried.
Smith degradation
The O-deacetylated polysaccharide from serotype Yv strain 006 was oxidized with 0.1 M NaIO 4 at 20°C for 72 h, NaBH 4 was added to obtain 1 M solution, in 4 h at 20°C, glacial HOAc was added to pH 5, and the degraded polysaccharide was isolated by gel filtration on a column (90 × 2.5 cm) of TSK HW-40 (S) (Merck, Darmstadt, Germany) in 1% HOAc monitored with a differential refractometer (Knauer, Berlin, Germany). The modified polysaccharide was hydrolyzed with 2% HOAc at 100°C for 2 h, the products were fractionated by gel chromatography on TSK HW-40 (S) as described above to give fractions I-III ( Figure 5 ). The initial O-polysacharide from serotype Yv strain 006 was degraded similarly, except for that NaBH 3 CN was used in place of NaBH 4 to prevent O-deacetylation in the course of reduction.
NMR spectroscopy
Samples were deuterium-exchanged by freeze-drying twice from 99.9% D 2 O and then examined as solutions in 99.95% D 2 O at 40°C. NMR spectra were recorded on an Avance II 600 spectrometer (Bruker, Germany) using internal sodium 3-(trimethylsilyl) propanoate-2,2,3,3-d 4 (δ H 0.00) and acetone (δ C 31.45) as references. Two-dimensional NMR spectra were obtained using the standard Bruker software and NMR parameters set essentially as described (Hanniffy et al. 1998 ). TopSpin 2.1 program was used to process and analyze the NMR data.
ESI MS
High-resolution mass spectra were measured on a Bruker micrOTOF II (Billerica, MA) instrument in the negative ion mode using electrospray ionization. Mass range was from m/z 50 to 3000; external calibration was done with Electrospray Calibrant Solution (Fluka). A syringe injection was used for a sample solution (100 ng µL . Capillary entrance voltage was set to 3200 V and exit voltage to -500 V. Nitrogen was applied as drying gas (4 L min −1 ); interface temperature was set at 180°C.
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